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NUMERICAL SIMULATION OF MOISTURE-INDUCED CRACK
PROPAGATION IN DOWELLED TIMBER CONNECTION USING XFEM

Tadios Habite1, Sara Florisson2, Johan Vessby3
ABSTRACT: At times dowelled glulam timber connections experience crack development in the fibre direction. The
main reason for this is moisture variation in the timber elements which causes a stress perpendicular to the fibre direction.
The aim of this paper is to study the influence of different moisture conditions and vertical dowel spacing on crack
development through numerical simulations by use of the finite element method in three dimensions. A transient nonlinear Fickian moisture diffusion model is implemented to simulate the moisture state within the glulam beam. The
moisture gradient in the diffusion model was created by adopting a physical scenario by assuming what conditions the
considered glulam beam will go through, from the factory up to installation. Further, an extended finite element method
(XFEM) with a linear elastic fracture mechanics (LEFM) approach was applied to simulate the crack development for
two different vertical dowel spacing and for three different moisture loadings. The results reveal that the moisture
variation in combination with unfavourable placement of dowels can cause a crack to develop in the glulam timber beam.
It was also seen that the crack develops in the timber beams with higher moisture gradient and wider vertical dowel
spacing. Moreover, it was shown that a moisture induced crack development may be modelled successfully by use of an
Extended Finite Element Method (XFEM) approach.
KEY WORDS: Transient moisture flow, XFEM, LEFM, dowelled connection, fracture

1 INTRODUCTION 123
Wood is a hygroscopic material that readily absorbs or
desorbs moisture from or to the atmosphere based on the
difference in moisture state in the wood and the
surrounding environment. It will swell if it absorbs
moisture or shrink if it releases moisture. Moreover, it is
also an orthotropic material which possess different
mechanical and swelling properties [1] along the three
main orthogonal axes, i.e. tangential (T), longitudinal (L),
and radial direction (R).
The hygroscopic property of wood combined with
moisture related dimensional changes may lead to the
development of internal stress. As a consequence, tensile
stresses may develop perpendicular to the fibre direction.
This stress development may become considerable when
the wood is subjected to mechanical constraints, e.g.
dowelled connections that prevent the swelling or
shrinkage movement. The characteristic tensile strength
of wood perpendicular to the fibre direction is ft,90 = 0.5
MPa [2]. Whenever the moisture induced internal tensile
stress perpendicular to the fibre reaches this strength limit
a crack parallel to the fibre direction might occur and
could eventually propagate into the wood section.

(a)

(b)

(c)

Figure 1: Effect of moisture variation in timber connections.
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Two examples of such cases are shown in Figure 1 (a) and
(b). The third subpicture, shown in Figure 1 (c), illustrates
a nailing plate after buckling when load levels increased
due to drying of the beam. This last issue is not covered
further in the current work but indicates related issues
caused by variation in equivalent moisture content in the
timber.
In recent decades, several numerical and experimental
studies have been performed with respect to moisture
transport and moisture induced internal stresses, see e.g.
[4-7]. A numerical modelling approach is presented in [4]
to quantify the moisture-induced stresses perpendicular to
the grain in a glulam frame. In addition, in [6-7] an
experimental approach is presented to determine the
moisture induced stress perpendicular to the grain in a
doweled timber connection. The results of both the
numerical and experimental studies, [4,6-7], revealed that
under a moisture loading the tensile stress perpendicular
to the grain in the considered wood sections exceeded the
characteristic tensile strength of the wood perpendicular
to the fibre direction. Accordingly, it was concluded that
there is a need to take the effect of moisture into account
in designing wooden structures [4-7].
Furthermore, the study presented in [3] analysed 550
damages that have occurred in a total of 428 timber
structures in Germany. The result showed that around 70
% of the failures were initiated by cracks developing
along the fibre direction. The main reason for the
development of this type of crack is mentioned to be the
relatively low strength value perpendicular to the grain in
combination to high stresses in the same direction [3].
According to [2-3], varying climatic condition that cause
a moisture content variation within the timber element is
found to be one of the main reasons for the cracks to occur
in the fibre direction. When these type of crack occurs in
the close vicinity of connection area, the crack may
weaken the load carrying capacity of the structural
elements [2-3, 8], in worst case leading it to collapse.
The aim of this work is to study moisture driven crack
propagation in the close surrounding of a dowelled glulam
beam-column connection shown in Figure 2. A three
dimensional transient moisture flow model is used for
modelling three different moisture conditions, see Table
2, governed by Fick’s law of diffusion. Thus, the moisture
analysis results are used to develop a linear elastic fracture
mechanics (LEFM) based numerical model to simulate a
moisture driven crack propagation in a dowelled glulam
beam by use of an extended finite element method
(XFEM) in Abaqus.
This paper is organized in five sections. The first section
gives an overall introduction about the current work. The
second section describes the material properties, physical
model dimensions, loading and boundary conditions and
the simulation method used. In the third section the FE
formulation of the transient moisture transport and XFEM
is described. The final two sections present some results
and draws conclusion.

Figure 2: Glulam timber structure considered in this paper.

2 MATERIAL AND METHOD
2.1 MATERIAL PROPERTY AND GEOMETRIC
DATA
Three -dimensional (3D) numerical model is developed in
the finite element software ABAQUS© which considers
the glulam beam to column dowelled connection shown
in Figure 2. In order to make the computation cost
efficient, a portion of the timber beam section with a
dimension of 500 · 500 · 200 mm3 is used in the numerical
simulations with four 12 mm diameter steel dowels
positioned as shown in Figure 3. Orthotropic material
properties, such as shrinkage coefficients, diffusion
coefficients, moduli of elasticity, and shear moduli, were
used with values according to [9] and are summarized in
Table 1.

Figure 3: Part of the structure considered for the simulation
model including dimensions. Piece of a glulam beam with
dowels and a flexible vertical dowel spacing.

In addition to the material properties listed in Table 1, a
critical energy release rate, Gc, of 300 J/m2 for Mode I
crack opening and 750 J/m2 for both Mode II and III crack
openings are used. Annular rings are assumed to be
parallel to the each other and to the top (and bottom)
surfaces, see Figure 3. The spacing between the predrilled
holes and the edge distance values shown in Figure 3 do
fulfil the minimum requirements specified by Eurocode 5.

Table 1: Considered material properties.

Property
E [MPa]
G [MPa]
ρ [kg/m3]
ν
α

Longitudinal
12000
750 (LR)
450
0.5
0.005

Tangential
400
750 (LT)
450
0.5
0.13

Radial
400
75 (TR)
450
0.7
0.13

2.2 LOADING AND BOUNDARY CONDITIONS
Three separate types of numerical simulations were
performed. Two non-linear moisture diffusion
simulations and one XFEM simulation which together
depicts a physical scenario with 17 days duration shown
in Figure 4.

Figure 5: Example of a situation where the timber structure is
not carefully protected against outside climate on building side.

moisture content in the beam is 12 %, and that therefore
the glulam beam is expected to absorb moisture from its
surface in all three cases. Accordingly, the first non-linear
moisture flow simulation captures this phenomenon by
assuming the considered beam, shown in Figure 3, will go
through such a condition for three consecutive days (for a
total step time of 259,200 sec), from the 1st to 3rd day, see
Figure 4 and 7. This moisture flow simulation is
performed for each of the three cases shown in Table 2.
Table 2: Assumed moisture content at the surfaces for
three different cases.
MCS1
MCS2
MCS3

Figure 4: The considered physical scenario for the numerical
simulations.

As illustrated in Figure 4, first the glulam timber beam
will arrive at the construction site immediately from the
factory covered with a plastic sheet and conditioned to an
equivalent moisture content, MC = 12 %, see Figure 4.
The plastic sheet is used to protect the beam from an
undesirable climate exposure. However, it has been
observed in several construction sites that due to poor onsite material handling the plastic cover might get torn up
before the beam is installed on the intended structural
location. Such an example is shown in Figure 5.
This condition may expose the beam for unintended and
undesirable surrounding climate conditions. In the current
work the surrounding climate conditions are assumed to
be equivalent with MC at the timber surface that cause
wetting of the glulam beam. This difference in MC values
will create a moisture gradient between inner parts of the
glulam beam and the material surface. In order to
investigate the effect of different moisture gradients on
the development of crack, three different relative
humidity values are considered for the surrounding
environment. These values corresponds to three different
moisture contents at the surface (MCS). These values are
taken to be MCS1 = 20 %, MCS2 = 18 % and MCS3 = 16
%, see Table 2. It should be recalled that the equivalent

1st Moisture simulation model
20 %
18 %
16 %

Thereafter, the beam is assumed to be installed on the
column with a dowelled connection, see Figure 2 and 4.
At this stage the timber beam is assumed to be protected
from a direct climate exposure by a roofing system while
subjected to heating inside the building for 14 consecutive
days as illustrated in Figure 4, from day 4 to day 17. Due
to the heating inside the building, the beam’s bottom
surface is assumed to drop to 8 % MC and, due to the
insulation from external climate, the top and the left side
of the beam are assumed to drop to 12 and 10 % MC,
respectively. This moisture flow phenomena is captured
by the second moisture flow simulation, see Figure 7. The
total analysis step time for the second moisture simulation
model is taken to be 1,200,000 sec (≈14 days), from the
3rd to the 17th day. Accordingly, in all the moisture loading
cases, MSC1 – MSC3, at the 17th day the beam surfaces
will have moisture content values shown in Table 3.

Figure 6: Notation of the different boundaries associated with
the simulation model.

Table 3: Assigned moisture content for the boundary surfaces
of the beam shown in Figure 6.

Surfaces
1
2
3
4

2nd Moisture simulation model
MC at 17th days
10
12
8
no moisture flow

Figure 7 summarises the first and second moisture flow
simulations for the first moisture loading case, MCS1,
during the total 17 day analysis. The surface notations
shown in Figure 6 are to be used in Table 3 and Figure 7.

liquid water and gaseous water vapour transport
mechanism. In the current work a MC below FSP is
considered and a Fickian model is used to simulate all the
three moisture transport mechanisms together [4], see
Equation (1) below:
𝐪 = 𝐃𝒘 𝛁𝑤 ; 𝐃𝒘 = 𝐃𝒘 (𝑤)

(1)

where 𝛁 is the gradient operator, 𝑤 is the moisture
content, 𝐪 is the flux and 𝐃𝒘 is the diffusivity matrix
containing information about the diffusion coefficients in
the main directions (longitudinal, radial and tangential
direction). The diffusion coefficient in the radial and
tangential direction are assumed to be equal and will be
represented by single variable called the transverse
diffusion coefficient, DT, thus the diffusivity matrix can be
written as:
DL
Dw = [ 0
0

0
0
DT 0 ]
0 DT

(2)

where 𝐷𝐿 is diffusion coefficient in the longitudinal
direction and 𝐷𝑇 is in the transverse direction. According
to [7] the expression for the diffusion coefficients can be
described as:
𝐷𝐿 =
Figure 7: Schematic presentation of the moisture simulations
for the first moisture loading case, MCS1.

The results from the first moisture simulation is used as
an initial condition for the second simulation, see Figure
7. The moisture content values used for both simulations
are presented in Table 2 and 3. Both the first and second
moisture simulations consider flow in all the three
principal directions. However, the flux across the
symmetry plane shown in Figure 3 or across surface 4
shown in Figure 6 is considered to be zero.
The third simulation is a stress analysis which is used to
model the possible propagation of the crack by use of
XFEM. This is performed after the timber beam is
installed on the column and constrained mechanically by
the four dowels. The stress in this simulation model were
induced solely by the moisture gradients obtained from
the moisture flow simulations. This is done by importing
the time history result of nodal moisture content of the
second 3D transient moisture flow simulation model.
All simulations are performed for two different vertical
dowel spacing, 100 mm and 300 mm. For both moisture
flow numerical simulations in the FE simulation, an 8node linear heat transfer brick element type (DC3D8) is
used. For the stress analysis an 8-node linear 3D stress
brick element type (C3D8) is used.

3 NUMERICAL SIMULATION
3.1 MOISTURE TRANSPORT
3.1.1 Diffusion coefficient
According to [4], there exist three states of moisture
transport mechanism in wood: free liquid water, bound

𝑎2
𝐷𝑣 𝐷𝐵𝐿
𝑀𝐶 ≤ 20%
2
1 − 𝑎 𝐷𝐵𝐿 + 0.01(1 − 𝑎)𝐷𝑣
(3)

1
𝐷𝑣 𝐷𝐵𝑇
𝐷𝑇 =
𝑀𝐶 < 𝐹𝑆𝑃
2
1 − 𝑎 𝐷𝐵𝑇 + (1 − 𝑎)𝐷𝑣
where 𝐷𝒗 is the water-vapour diffusion coefficient, 𝐷𝐵𝐿
and 𝐷𝐵𝑇 are the tangential and longitudinal bound-water
diffusion coefficients respectively, and 𝑎 is the square
root of the wood porosity.
For a 20oC reference temperature the longitudinal and
transverse (tangential and radial) diffusion coefficient
used are displayed in Table 4 [11].
Table 4: Transversal and longitudinal diffusion coefficient.
MC of
wood
[%]
0
5
5.5
7
8.5
9
13.5
18
23
28

Radial
diffusion
coefficient
[m2/h] · 10-3
0.3888
0.4751
0.4841
0.5137
0.5461
0.5572
0.6690
0.8026
0.9690
1.2029

Tangential
diffusion
coefficient
[m2/h] · 10-3
0.3888
0.4751
0.4841
0.5137
0.5461
0.5572
0.6690
0.8026
0.9690
1.2029

Longitudinal
diffusion
coefficient
[m2/h] · 10-3
0.9
5.04
5.35
5.67
5.85
5.67
4.54
3.07
2.1
1.35

3.1.2 FE formulation
In this section the strong and weak formulation for a 3dimensional transient moisture flow will be formulated in
order to obtain the governing finite element equation.

Hence, strong form of the 3D transient moisture flow
equation can be written as:
𝑑𝑖𝑣(𝐪) + 𝑄 = 𝜌𝐶𝑃 𝑤̇

(4)

where 𝐪 is the flux, Q is the amount of moisture supplied
to the material per unit volume per unit time, 𝜌 is the
density, 𝐶𝑃 is the moisture capacity of the material and 𝑤̇
is the rate of change of moisture content with respect to
time of the considered material. Replacing 𝐪 in Equation
(4) by Equation (1), multiplying the strong form by an
arbitrary weight function,𝜈, and integrating it with the
considered volume, 𝑉, will give us the weak form of the
3D transient moisture flow as follows [5]:

𝜺̇ = 𝜺̇ 𝑒 + 𝜺̇ 𝒘 ; 𝜺̇ 𝒘 = 𝜶 ∙ 𝑤̇

∫ (𝛁𝜈)T (𝐃𝒘 𝛁w)𝑑𝑉 + ∫ 𝜈𝜌𝐶𝑃 𝑤̇ 𝑑𝑉
𝑉

𝑉

(5)

= ∫ 𝜈𝑄𝑑𝑉 − ∫ 𝜈𝑞𝑛 𝑑𝑆 − ∫ 𝜈ℎ𝑑𝑆
𝑉

𝑆𝑔

𝑆ℎ

where 𝑆𝑔 and 𝑆ℎ are parts of the surface boundary S of
volume 𝑉 on which the moisture and the rate of change of
moisture are known, respectively. In order to proceed with
the FE formulation an approximation equation for the
moisture, 𝑤(𝑥, 𝑦, 𝑧), is chosen to be:
𝑤(𝑥, 𝑦, 𝑧) ≈ 𝐍(𝑥, 𝑦, 𝑧) 𝐚
𝛁𝑤 = 𝐁𝐚; 𝐁 = 𝛁 𝐍 ;

(6)

where 𝐍 is the global shape function and 𝐚 is the nodal
moisture vector. After using the Galerkin method [5] for
the assumption of the weight function, the FE formulation
can be written as follows:
∫ 𝐁 T 𝐃𝒘 𝐁𝑑𝑉𝐚 + ∫ 𝐍 T 𝜌𝐶𝑃 𝐍 𝑑𝑉 𝐚̇
𝑉

𝑉
T

= ∫ 𝐍 𝑄𝑑𝑉 − ∫ 𝐍 T 𝑞𝑛 𝑑𝑆 − ∫ 𝐍 T ℎ𝑑𝑆
𝑉

𝑆𝑔

(7)

𝑆ℎ

From Equation (7) the FE equation for the moisture
problem can be written as:
where,

(8)

𝑲𝒘 𝐚 + 𝐂𝐚̇ = f𝑏 + f𝑙
𝑲𝒘 = ∫ 𝐁 T 𝐃𝒘 𝐁𝑑𝑉
𝑽

𝐂 = ∫ 𝐍 T 𝜌𝐶𝑃 𝐍𝑑𝑉
𝑽

f𝑏 = − [∫ 𝐍 T 𝑞𝑛 𝑑𝑆 + ∫ 𝐍 T ℎ𝑑𝑆]
𝑆𝑔

concentration will increase or decrease according to the
difference in vapour pressure or relative humidity
between the wood section and the surrounding
environment. During the adsorption process water
molecule will be attached to the hydroxyl group of the
cellulose (micro fibril) via a hydrogen bond. Thereby, the
spacing between the micro fibrils will increase causing it
to swell. Conversely, during the desorption process the
water molecule will be detached from the micro fibril and
thereby the spacing between the micro fibrils will
decrease and thus the wood will shrink. This shrinkage
and swelling movement will cause a moisture induce
strain, see Equation (9).

𝑆ℎ

f𝑙 = ∫ 𝐍 T 𝑄𝑑𝑉
𝑉

where a is the unknown nodal moisture content, 𝐚̇ is its
rate with respect to time, 𝑪 is the capacity matrix, f𝑏 is the
boundary vector, f𝑙 is the load vector and 𝑲𝒘 is the
diffusivity matrix.
3.1.3 Moisture induced stress
Due to the hygroscopic property of wood, a sorption
process will occur. In these process bound water

(9)

where 𝜺̇ is the total strain rate, 𝜺̇ 𝑒 is the elastic strain rate,
𝜺̇ 𝒘 is moisture induced strain rate, 𝛼 is the moisture
induced expansion coefficient vector containing all the
expansion coefficients in the three orthogonal directions
and 𝑤̇ is the rate of change of moisture content with
respect to time.
In the considered model of the glulam beam the stress
development is considered to be influence by the elastic
and moisture induced strain only. This can be seen in
Equation (10), for further reference the reader is referred
to [10]:
𝝈̇ = 𝐃(𝜺̇ 𝑒 );
𝝈̇ = 𝐃𝜺̇ − 𝝈̇ 𝒐 ; 𝝈̇ 𝒐 = 𝐃(𝜺̇ 𝒘 )

(10)

where 𝝈𝒐̇ is the pseudo-stress vector which describes the
effect of moisture change, 𝝈̇ is rate of the elastic stress
column matrix and 𝐃 is inverse of the compliance matrix.
3.2 CRACK SIMULATION
3.2.1 XFEM formulation
In the current work an extended finite element method
(XFEM) is used to simulate the moisture induced crack
propagation into the glulam timber beam. An advantage
to use XFEM for this purpose is that it allows for a mesh
independent simulation of crack propagation [12]. The
FE-approximation in an XFEM model is composed of two
parts; a standard FE part and an enriched FE part. In the
simulation of the crack development a crack initiation
plane was used, and its location was chosen based on the
maximum value of the strain, see Figure 8 (b). The
standard FE part represents elements which are not
affected by the discontinuity caused by the crack, whereas
the enriched finite elements represents that part of the
model that is affected by the crack propagation. For a
standard FE model without any discontinuity, the FE
approximation can be written as:
𝑛

𝑢 = ∑ 𝑢𝑖 𝑁𝑖

(11)

𝑖=1

where n is the number of nodes in the FE model, 𝑢𝑖 is the
displacement degree of freedom at node 𝑖 and 𝑁𝑖 is the
shape function related to node 𝑖.

Thus, we can use Equation (11) to write the FE
approximation equation for nodes that are not affected by
the crack. For those elements that are affected by the
crack, two types of enrichment functions has to be
introduced in the FE-approximation, a Heaviside (jump)
function and asymptotic tip function.

asymptotic tip function, Fl(x) is the asymptotic tip
function, H(x) is the Heaviside function. Hence, the
generalized FE governing equation can be written:
𝐊𝑢𝐺 = 𝐟
𝒖𝑮 = 𝒖𝑭𝑬 + 𝒖𝒆𝒏

(13)

where uen and uFE are the enriched and the conventional
FE approximation, respectively, 𝑲 is the stiffness matrix,
𝒇 is the force vector and 𝒖𝑮 is the total displacement
vector including the classical FE approximation. For
further reading on XFEM formulation the reader is
referred to [12].
3.2.2 XFEM simulation
In this section, an XFEM stress simulation model, the
third and final of those previously introduced for the
timber beam shown in Figure 3 is discussed. The resulting
moisture profile of the first two moisture flow simulations
were used as a loading case for the third stress analysis
simulation in which the moisture induced crack in the
surrounding of the dowelled timber connection is
simulated. In a steel to timber dowel connection, the steel
dowels act together with the steel plate and creates a stiff
boundary condition. This condition might constrain the
movement of the timber section in the longitudinal and
tangential direction, but allowing a rotation around the
length axis of the dowel.

(a)

(b)
Figure 8: (a) Material direction, simplified contact simulation
approach, crack enrichment region and crack initiation plane
(b) strain at 11th day plotted over the strain path indicated in
(a).

The Heaviside function 𝐻(𝑥) enriches all nodes which
belongs to elements, which are fully separated by the
crack, within the enriched region. Nodes around an
element, which is not fully separated by the crack,
including the crack tip are enriched by the asymptotic tip
function 𝐹(𝑥) . Both the Heaviside and asymptotic tip
functions are defined in a local crack coordinate system.
According to [12], the XFEM formulation can be written
as:
𝑛

𝑢 = ∑ 𝑢𝑖 𝑁𝑖 + ∑ 𝑏𝑗 𝑁𝑗 𝐻(𝑥)
𝑖=1

𝑗

+ ∑ 𝑁𝑘 (∑ 𝑐𝑘𝑙 𝐹𝑙 (𝑥))
𝑘

(12)

𝑙

where n is the number of normal nodes, bj is the additional
vector for modelling the crack face nodal degrees of
freedom, ck is an additional vector for modelling the crack
tip nodal degrees of freedom, Nj represents the shape
function for nodes enriched by Heaviside function, Nk
represents the shape function for nodes enriched by

In the XFEM simulation model a simplified scheme is
followed to simulate the contact between the steel dowel
and the surrounding timber material. First a reference
point is created at the centre of the four dowel holes in the
3D beam part to represent the steel dowel centres, see
Figure 8 (a). Subsequently, a kinematic coupling
constraint is used to couple the periphery of the hole to the
created corresponding reference point as shown in Figure
8 (a). This kinematic coupling is considered to be
sufficient to model the actual interaction between steel
dowels and the timber beam. Any displacement of the
reference point is constrained, but rotation around the
length axis of the dowel is allowed. Following the
definition of the constraint type between the reference
point and the predrilled hole, an enrichment domain is
selected from the 3D assembled model, see the
highlighted section in Figure 8 (a). In the XFEM stress
simulation, a maximum stress crack initiation criteria is
used with a maximum normal stress limit value of 0.5
MPa and a maximum shear stress limit value of 4 MPa,
taken from [1]. In addition, a crack initiation plane is preselected at mid height, h = 250 mm, see Figure 8 (a). In
order to verify the chosen location of the crack initiation
plane a separate stress analysis, without XFEM, was
carried out and a maximum moisture induced strain was
found to occur at mid height as shown in Figure 8 (b). The
crack will initiate from this specific plane once the
specified stress criterion are met. The crack initiation
plane has a length equal to the width of the glulam beam,
200 mm, and is extruded in the longitudinal direction by
only 1 mm. According to LEFM there are three different
crack opening modes [13] and for each crack opening
mode a critical energy release rate, Gc, is defined in
section 2.1. The crack will propagate further into the

timber beam section when the strain energy is released at
a rate equivalent to the critical energy release rate Gc [13].
Thus, in the XFEM simulation an enhanced Virtual Crack
Closer Technique (VCCT) is used as a crack propagation
criteria. The initiated crack is assumed to propagate
parallel to the fibre direction of the glulam beam. For the
XFEM simulation an 8-node linear brick element type
(C3D8).

4 RESULT AND DISCUSSION
4.1 RESULTS
4.1.1 Equivalent moisture content
In this section results of the moisture simulations are
presented. In the first simulation, initial moisture content
for the beam is assumed to be 12 % as it arrives from the
factory, see Figure 4.
Afterwards, as discussed in section 2.1, the beam is
exposed to the surrounding environment and as a result
undergoes a wetting process for three consecutive days.
Three different moisture loadings were used at this stage;
MCS3 = 16 %, MCS2 = 18 % and MCS1 = 20 %, see Table
2. The transient moisture analysis results shown in Figure
9 (a), (d), and (g) represents the resulting moisture profile
of the beam after the wetting process for all the three
moisture loading MCS3, MCS 2 and MCS 1, respectively.

undergo a heating and insulation process for consecutive
14 days as described in section 2.2. This process leads the
timber beam to a drying course. The resulting moisture
profile of the glulam timber beam at the 11th and 17th day
for all the three moisture loadings are shown in the rest of
Figure 9.
4.1.2 Results from XFEM simulation
An XFEM simulation is performed for two different
vertical dowel spacing, 100 mm and 300 mm, and at three
different MCSs, see Table 2. The results of those analysis
will be presented in this section. The numbering of dowels
that are to be used in this and the coming sections together
with the considered vertical and horizontal dowel spacing
are shown in Figure 3. As it can be seen from Figure 9 (f),
(i) and Figure 10 (b), for 300 mm vertical dowel spacing
and moisture loading MCS1 and MCS2 the timber beam
cracked horizontally. With a crack length equal to the
longitudinal width of the timber beam, 500 mm. However,
for 100 mm vertical dowel spacing and moisture loading
MCS3 the initiated crack did not propagate into the timber
beam at all.

(a)
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 9: Moisture profile results; (a), (d), and (g) on the 3rd
day for MCS3, MCS2 and MCS1, respectively; (b), (e), and (h) on
the 11th day for MCS3, MCS2 and MCS1, respectively; (c), (f),
and (i) on the 17th day for all moisture loadings.

After the three days of wetting, the beam is assumed to be
installed on the column. At this stage the beam will

(b)

Figure 10: Reaction force direction on the four dowels; (a) for
un-cracked section (b) for cracked section; reaction forces on
the symmetric plane of the beam are not shown in this Figure.

Moreover, as it can be seen from Figure 10, between the
cracked and un-cracked sections the direction of the
resultant reaction forces on the dowels vary significantly.
For the cracked sections, at the end of the analysis, 17th
day, the reaction force directions on the dowels are almost
parallel to the fibre direction, see Figure 10 (b).

Figure 11: Reaction force magnitude as summation of the
absolute value of reaction forces on all four dowels for; (a)
MCS3 loading and 300 mm vert. dowel spacing, (b) MCS2
loading and 300 mm ver. dowel spacing, (c) MCS1 and 300 mm
vert. dowel spacing, (d) MCS1 and 100 mm vert. dowel spacing.

However, for the un-cracked beam sections the direction
of the reaction forces on the dowels are seen to be at an
angle to the fibre direction, see Figure 10 (a). Here it has
to be noted that only reaction forces on the four dowels
are shown in Figure 10; reaction forces on the right side
of the glulam beam, on the symmetric plane, are not
shown in Figure 10. Further, Figure 11 presents the
reaction force magnitude by summing the absolute value
of the reaction forces on all the four dowels over the 17
day analysis period. The results plotted in Figure 11 are
for all the three moisture loadings (MCSs), and for both
vertical dowel spacing, 100 mm and 300 mm.
4.2 DISCUSSION
Figure 12 illustrates, in general, how the crack develops
due to the moisture loading in the glulam beam and how
the crack propagation affects the magnitude of the
reaction force on the dowels. The graph shows the
summation of the absolute value of reaction forces over
the period of 17 days analysis step time for MCS1 with a
reference vertical dowel spacing of 300 mm. Based on
Figure 12, the reaction force magnitude increases in a very
low rate during the wetting stage and increases in a higher
rate during the drying stage. Yet, the magnitude drops
drastically when a crack develops in the timber section.
However, the reaction force starts again to increase until
the end of the analysis. Observe that the direction of the
reaction force might vary during the analysis and that
some information regarding such direction variation is
provided in Figure 10. The XFEM simulation presented
interesting results concerning prediction of the crack
initiation and propagation pattern for the studied moisture
loading situations. Furthermore, the XFEM method used
in the present work revealed that it has a very good
potential to simulate Mode I crack openings and
propagation.

Figure 12: Total reaction force magnitude for all four dowels
under MSC1.

5 CONCLUSIONS
The moisture loading alone, without any additional
mechanical loading, can cause a crack to propagate into a
dowelled type connection for unfavourable placement of
dowels. Poor material handling on the construction site

exacerbates the effect of the moisture loading and
increases the risk for crack development. In the current
work it was shown that a moisture induced crack
development may be modelled successfully by use of an
Extended Finite Element Method (XFEM) approach.
Furthermore, this model could be used to predict the
maximum critical dowel spacing of a glulam beamcolumn connection to avoid crack propagation. Once
again it should be emphasized that the model followed a
simplified approach to simulate the contact between the
steel dowel and the timber beam section.
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